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In Brief O'Connor et al. describe a new pengornithid enantiornithine preserving an array of tail feathers forming an aerodynamic surface. In basal birds, aerodynamic tails co-occur with proportionately shorter pygostyles, suggesting that rectricial bulbs were present in at least some enantiornithines and the basal pygostylian Sapeornis.
SUMMARY
The most basal avians Archaeopteryx and Jeholornis have elongate reptilian tails. However, all other birds (Pygostylia) have an abbreviated tail that ends in a fused element called the pygostyle. In extant birds, this is typically associated with a fleshy structure called the rectricial bulb that secures the tail feathers (rectrices) [1] . The bulbi rectricium muscle controls the spread of the rectrices during flight. This ability to manipulate tail shape greatly increases flight function [2, 3] . The Jehol avifauna preserves the earliest known pygostylians and a diversity of rectrices. However, no fossil directly elucidates this important skeletal transition. Differences in plumage and pygostyle morphology between clades of Early Cretaceous birds led to the hypothesis that rectricial bulbs co-evolved with the plough-shaped pygostyle of the Ornithuromorpha [4] . A newly discovered pengornithid, Chiappeavis magnapremaxillo gen. et sp. nov., preserves strong evidence that enantiornithines possessed aerodynamic rectricial fans. The consistent co-occurrence of short pygostyle morphology with clear aerodynamic tail fans in the Ornithuromorpha, the Sapeornithiformes, and now the Pengornithidae strongly supports inferences that these features co-evolved with the rectricial bulbs as a ''rectricial complex.'' Most parsimoniously, rectricial bulbs are plesiomorphic to Pygostylia and were lost in confuciusornithiforms and some enantiornithines, although morphological differences suggest three independent origins. (Figure 1 ).
RESULTS

Systematic Paleontology
Etymology
The genus name is in honor of Dr. Luis M. Chiappe, for his major contributions to the study of Mesozoic birds. The species name refers to the enlarged premaxilla relative to other pengornithids. Holotype STM29-11 (Shandong Tianyu Museum of Nature, Pingyi, Shandong, China), a nearly complete and fully articulated subadult individual preserved in a single slab, preserving impressions of the remiges and rectrices. Locality and Horizon Jianchang, Liaoning Province, northeastern China. Jiufotang Formation, Lower Cretaceous [5] . Diagnosis A large pengornithid enantiornithine with the following unique features: ventral margin of the premaxillary corpus convex so that the imperforate region of the premaxilla is proportionately larger; nasal processes of premaxilla nearly reach frontals; eight fused sacral vertebrae; lateral margins of median trabeculae concave and xiphial region demarcating a narrow angle; proximal articular surface of the tibia laterodistally inclined.
Description
In lateral view, the skull forms a high triangle with a blunt rostral tip similar to that of Pengornis houi IVPP V15336 (Institute of Vertebrate Paleontology and Paleoanthropology, Beijing, China) [6] , except that in STM29-11, the ventral margin of the premaxillary corpus is convex so that the rostral margin is slightly upturned (Figures 1 and 2A) . Among Early Cretaceous birds, this is an autapomorphy of Chiappeavis, although a similar morphology is observed in the Late Cretaceous enantiornithine Gobipteryx minuta [7] . The premaxillae are entirely unfused, as in other pengornithids. The corpus is proportionately deeper than in P. houi and the nasal processes are longer, nearly reaching the frontals. There is no indicator that teeth were present, but this could be due to poor preservation. Alternatively, the absence of teeth in Gobipteryx may suggest that the premaxilla was also edentulous in Chiappeavis.
The cervical vertebrae appear heterocoelic, as in P. houi [6] , but unlike the elongated condition in Pengornis, the cranial cervicals are short ( Figure 2D ), similar to Parapengornis [8] . Eight vertebrae form the synsacrum ( Figure 2B ) compared to seven in IVPP V15336 [6] . We interpret the pygostyle to be in dorsolateral view. The pygostyle (Figure 3) is typical of the Pengornithidae, being proportionately proximodistally shorter and mediolaterally wider than in other enantiornithines. The pygostyle is similar in proportions to that of Pengornis, whereas smaller pengornithids have proportionately even shorter pygostyles [8] . As in Parapengornis IVPP V18687, the pygostyle appears to be very thin and dorsally concave with a caudal margin formed by two convexities. The sternum is preserved in dorsal view-the sulci are separated on the rostral midline by a shallow cleft, indicating that the sternum formed from paired plate as in other pengornithids [9] . Intermediate trabeculae are absent, as in other pengornithids and the basalmost enantiornithine Protopteryx [10] .
The proximal surface of the humerus is flat cranially but convex caudally, as in Pengornis. The distal margin is weakly angled, with a small, blunt flexor process. As in other pengornithids, the ulnae are robust and longer than the humeri [10] . The proximal end of the right ulna reveals a dorsal cotylar process and a weak blunt olecranon. The minor metacarpal is robust and approaches the thickness of the major metacarpal ( Figure 2C) ; the minor metacarpal is bowed, defining a narrow intermetacarpal space, as in P. houi, and extends beyond the distal end of the major metacarpal as in other enantiornithines [11] .
A distinct proximodorsal process is absent from the ischium, as in other pengornithids [12] . The pubes are dorsally concave and contact distally, forming a cranially expanded boot. The femur is long and only weakly bowed; distally, a small fibular trochlea is visible. The tibia is unfused to the distal carpals, which are fused into a single element. The proximal end of the tibia is inclined similar to the situation in Soroavisaurus, with the medial edge proximal to the lateral edge [13] . The two articular surfaces of metatarsal I are oriented nearly perpendicular to each other, so that the hallux is reversed despite the fact that it articulates on the medial surface of metatarsal II. Metatarsal I is approximately one-third the length of metatarsal III, similar to that of Pengornis IVPP V15336 and proportionately shorter than in Eopengornis [10] . As in other pengornithids, the first phalanx of the hallux is the longest in the foot, and its ungual is the deepest proximally and more strongly recurved. Integument Impressions of the wings and tail are preserved ( Figures 1 and 3 ). The tail consists of approximately ten feathers that apparently overlapped to form an aerofoil. The number of rectrices is estimated based on their rounded distal margins, which can be faintly distinguished along the caudal margin of the right half of the tail (Figure 3 ). The medial two feathers are the longest (approximately 74 mm) and the lateral feathers are the shortest (approximately 56 mm), so that the rectricial fan has a graded morphology (shortest:longest rectrix 0.76) [14] . Although the feathers are poorly preserved (no rachises preserved), in some areas barbs can be discerned creating a herringbone pattern. The remiges have a maximum preserved length of 140 mm and are much wider than the rectrices.
DISCUSSION
The new specimen STM29-11 preserves numerous synapomorphies of the Pengornithidae [10] , a diverse group of basal enantiornithines known from the Huajiying and Jiufotang formations that represents the most temporally successful recognized lineage of Early Cretaceous enantiornithines [10] . The presence of an expanded premaxillary corpus and elongate nasal processes of the premaxillae indicates that STM29-11 represents a new taxon, Chiappeavis magnapremaxillo gen. et sp. nov. These derived features of the premaxilla have evolved within Aves multiple times (ornithuromorphs, enantiornithines, and confuciusornithiforms). The upturned rostral morphology reveals potential trophic partitioning among the pengornithids.
Tail Plumage Evolution
Confuciusornis and some enantiornithines preserve a pair of tail feathers that are characterized by an unusually wide rachis (the stiff ''spine'' of the feather)-so-called rachis-dominated rectrices. Previously described pengornithid enantiornithines preserving integument possess a pair of fully pennaceous (vaned) rachis-dominated rectrices (Eopengornis STM24-11 and Parapengornis IVPP V18687), differing from the racket plumes commonly preserved in confuciusornithiforms and some enantiornithines (e.g., Dapingfangornis) only in the extent of the pennaceous vane (distally restricted in racket plumes). The discovery of fully pennaceous rachis-dominated feathers and the new observation that remiges also preserve a longitudinally oriented stripe centered on the rachis diminish the morphological differences between normal flight feathers and rachis-dominated rectrices, further supporting the interpretation of these unusual tail feathers as modified pennaceous feathers [10] . Given that sapeornithiforms and ornithuromorphs preserve only rectricial fans and that multiple enantiornithines preserve more than two tail rectrices, Wang et al. [10] further suggested that rachis-dominated racket plumes evolved independently in Confuciusornithiformes and Enantiornithes from a plesiomorphic tail formed by multiple normal rectrices [10] . The presence of a rectricial fan preserved in STM29-11 thus fulfils predictions regarding the hypothetical plesiomorphic enantiornithine tail morphology. This is consistent with the basal position of the Pengornithidae resolved by our cladistic analysis (see Supplemental Information) and others [10, 15] and is supported by the presence of a sternum formed by a bilateral pair of plates, an elongate fibula, and a metatarsal V, features primitive within Aves and absent in other enantiornithines.
Rectricial Function in Ornithothoracines
Enantiornithes preserves the greatest diversity of rectricial morphologies recognized for any clade of Cretaceous bird [16] [17] [18] [19] , All scale bars represent 5 mm. Anatomical abbreviations: 1-8, sacral vertebrae; ac, acromion process; at, atlas; cp, costal process; cr, carotid process; ct, carpal trochlea; de, dentary; gl, glenoid facet; il, ilium; l, left; ma, major metacarpal; mi, minor metacarpal; r, right; sc, scleral ring; sp, spinous process.
yet despite this diversity all recognized tail shapes are ornamental, with the one possible exception of the poorly preserved holotype of Shanweiniao cooperorum (Longipterygidae). This specimen preserves at least four tightly associated feathers preserved in parallel [20] . However, interpretations regarding the tail morphology in this specimen remain speculative due to incomplete proximal and distal preservation of the feathers (see Figure 7 in [20] ). In contrast, large rectricial tail fans clearly capable of generating lift are known in several ornithuromorph taxa [4, 21, 22] . Only the holotype of Iteravis huchzermeyeri potentially preserves an ornamental tail [23] ; however, like Shanweiniao, interpretations are equivocal due to poor preservation. Thus, there exists an apparent dichotomy with regard to rectricial function between the earliest ornithothoracines.
Difference in tail plumage between clades is in turn reflected by major differences in the structure of the pygostyle: enantiornithines, like confuciusornithiforms, typically have large, robust pygostyles, whereas ornithuromorphs all have small, ploughshaped pygostyles. The shape of the pygostyle in living birds accommodates the presence of the rectricial bulbs, a fibroadipose structure that supports the calami of the rectrices: only the medial rectrices insert on the pygostyle itself [1] . The rectricial bulbs are encased in the bulbi rectricium muscle responsible for spreading the tail feathers. The tail is capable of generating lift when spread, but this is just one of several important functions. In living birds, the rectricial fan is actually folded during normal flight to reduce drag (notably preserved open in dorsoventral view in all known Jehol ornithuromorphs due to postmortem compression). The tail is opened during slow flight and landing in order to prevent stalling and reduce drag, but it also contributes to balance, increases stability (raising and depressing the tail to generate pitching moments), and can be engaged to decrease speed, reduce drag, aid in turning, etc. [1, 24] . The ability to precisely control tail shape frees birds somewhat from the aerodynamic limitations of the wings alone, making Aves the most versatile and successful group of flying organisms [3] . However, without the ability to change the shape of the airfoil to minimize drag at different flight speeds, in particular to fold the tail during high-speed flight to reduce drag, a large rectricial fan may not be beneficial to birds [25] . The co-occurrence of rectricial fans only with the small plough-shaped pygostyle morphology suggests that these two features co-evolved with the rectricial bulbs as part of a ''rectricial complex'' [4] . At the time, both rectricial fans and plough-shaped pygostyles were limited to specimens of the derived ornithuromorph clade and thus were considered to have evolved only in this lineage [4] . The hypothesis that rectricial bulbs and a plough-shaped pygostyle are co-evolved receives further support via the recent discovery of a rectricial fan in the basal pygostylian Sapeornis [26] . Although proportionately larger, the sapeornithiform pygostyle is morphologically very similar to that of ornithuromorphs [27] . The tail of Sapeornis, preserved in a single specimen (STM16-18) in lateral view [26] , is estimated to consist of at least eight feathers (twice the number of preserved feathers interpreted as forming the left half of the tail) that when spread are inferred to have formed an aerodynamic surface (J.K.O., unpublished data).
Pengornis STM29-11 provides the first strong evidence that aerodynamic tail fans were present within the Enantiornithes. Notably, the pengornithid pygostyle differs from that of other enantiornithines [8, 10] in that it is proportionately shorter and more delicate, without the characteristic proximal fork and distal constriction typical of enantiornithines. The relative brevity of the pygostyle is more reminiscent of the ornithuro- morph condition than that of other enantiornithines. This morphological similarity and the preservation of a rectricial fan in STM29-11 suggest that some enantiornithines may have possessed rectricial bulbs or an equivalent structure.
Evolution of the Rectricial Bulb
Based on rectrix rachis morphology, a rectricial fan like that preserved in STM29-11 is considered plesiomorphic to Ornithothoraces, if not a more inclusive clade [10] . The correlation between the morphology of the rectricial feathers and the pygostyle with the presence of rectricial bulbs suggests that rudimentary rectricial bulbs may be plesiomorphic to the clade formed by Sapeornis and Ornithothoraces (Figure 4 ). In our analysis ( Figure S1 ), this clade excludes confuciusornithiforms [20] . If the presence of rectricial bulbs represents the plesiomorphic condition in enantiornithines, as suggested by the basal position of the Pengornithidae [10] , it is unclear why more derived enantiornithines would have abandoned this feature in favor of a more robust pygostyle with purely ornamental rectrices. This supports an alternative scenario in which rectricial bulbs and pygostyle reduction evolved independently in sapeornithiforms, pengornithids, and ornithuromorphs ( Figure 3 ). This is supported by morphological differences in the pygostyle: the Sapeornis and pengornithid pygostyle is proportionately longer than that of ornithuromorphs (although proportionately shorter than that of Confuciusornis and other enantiornithines) and the pengornithid pygostyle is not tapered caudally (Pengornis IVPP V15336, Parapengornis IVPP V18687), a distinct departure from the plough shape in ornithuromorphs and Sapeornis. Notably, such a high degree of homoplasy is not uncharacteristic of early avian evolution [28] . Unfortunately, due to the small size of this element especially in pengornithids and ornithuromorphs (Sapeornis is a larger taxon), the pygostyle is typically preserved poorly (or not at all), preventing detailed comparison between clades. Regardless of the plesiomorphic condition, the presence of a fan-shaped tail in Chiappeavis indicates that the Enantiornithes had the genetic ability to produce such a feature. However, differences in pygostyle morphology suggest that if rectricial bulb-like structures were present in this clade, they would have been unlike those in extant birds. The pengornithid pygostyle morphology and limited distribution of aerodynamic tail fans in the Enantiornithes suggest that the rectricial bulbs were poorly developed. Although poor preservation prevents clear assessment, given differences in skeletal morphology, the rectricial fan also would be expected to differ between clades of basal birds.
Shanweiniao Revisited
Pygostyle morphology has been shown to be an excellent predictor of rectricial morphology in extinct species [29, 30] . Notably, it appears that within the Pengornithidae, differences in rectricial morphology can be diagnosed by differences in the pygostyle. It is proportionately shorter (22%-25% femoral length) in Eopengornis and Parapengornis, which have a pair of rachis-dominated streamers, whereas it is longer (approximately 35% of femoral length) in Chiappeavis and Pengornis, suggesting that Pengornis may have also had a fan-shaped tail. However, longipterygid enantiornithines like Shanweiniao are characterized by a very robust pygostyle even by enantiornithine standards: in Longipteryx the hypertrophied pygostyle exceeds the length of the tarsometatarsus [31] , whereas it is less than half the length of the tarsometatarsus in Parapengornis [8] . If the tail morphology preserved in DNHM D1878/1 (Dalian Natural History Museum, Dalian, China) proves to be truly aerodynamic, this would suggest that primitive pygostyle morphology and Red branches indicate presence of a pygostyle; orange represents the inferred presence of a pygostyle and the rectrix-rectricial bulb complex. The white boxed node indicates the possible origin of the rectricial bulbs; alternatively, this feature may have had two or three independent origins, one in the Sapeornithiformes and also either independently in the Pengornithidae and the Ornithuromorpha or once in the ornithothoracine common ancestor.
aerodynamic rectricial patterns are not mutually exclusive [20] and that pygostyle morphology cannot be used to predict rectricial morphology in basal birds. However, the fact that clear evidence for aerodynamic rectricial arrangements is found only in taxa with relatively more delicate pygostyle morphologies (Sapeornis, Ornithuromorpha, Chiappeavis) suggests that the incomplete tail feathers in Shanweiniao DNHM D1878/1 may not have formed an aerodynamic fan. Narrow spaces are visible between some of the feathers (see Figure 7 in [20] ), whereas no intervening space is preserved between adjacent rectrices in any other rectricial fan from the Jehol, including STM29-11. We consider it more likely that Shanweiniao had four (or potentially more) rachis-dominated feathers, similar to Paraprotopteryx [18] . Tail morphology is otherwise unknown among longipterygids, although the holotype of Longipteryx preserves a clear absence of elongate rectrices [32] .
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